We analyzed the mechanisms mediating osteoblast dysfunctions in cystic fibrosis. Results: Osteoblast differentiation and function are impaired in ⌬F508-CFTR mice due to overactive NF-B and reduced Wnt/␤-catenin signaling. Correcting these pathways rescued the defective osteoblast functions. Conclusion: Osteoblast dysfunctions in ⌬F508-CFTR mice result from altered NF-B and Wnt/␤-catenin signaling. Significance: Targeting the altered signaling pathways can restore osteoblast functions in cystic fibrosis.
The prevalent human ⌬F508 mutation in the cystic fibrosis transmembrane conductance regulator (CFTR) is associated with reduced bone formation and bone loss in mice. The molecular mechanisms by which the ⌬F508-CFTR mutation causes alterations in bone formation are poorly known. In this study, we analyzed the osteoblast phenotype in ⌬F508-CFTR mice and characterized the signaling mechanisms underlying this phenotype. Ex vivo studies showed that the ⌬F508-CFTR mutation negatively impacted the differentiation of bone marrow stromal cells into osteoblasts and the activity of osteoblasts, demonstrating that the ⌬F508-CFTR mutation alters both osteoblast differentiation and function. Treatment with a CFTR corrector rescued the abnormal collagen gene expression in ⌬F508-CFTR osteoblasts. Mechanistic analysis revealed that NF-B signaling and transcriptional activity were increased in mutant osteoblasts. Functional studies showed that the activation of NF-B transcriptional activity in mutant osteoblasts resulted in increased ␤-catenin phosphorylation, reduced osteoblast ␤-catenin expression, and altered expression of Wnt/␤-catenin target genes. Pharmacological inhibition of NF-B activity or activation of canonical Wnt signaling rescued Wnt target gene expression and corrected osteoblast differentiation and function in bone marrow stromal cells and osteoblasts from ⌬F508-CFTR mice. Overall, the results show that the ⌬F508-CFTR mutation impairs osteoblast differentiation and function as a result of overactive NF-B and reduced Wnt/␤-catenin signaling. Moreover, the data indicate that pharmacological inhibition of NF-B or activation of Wnt/␤-catenin signaling can rescue the abnormal osteoblast differentiation and function induced by the prevalent ⌬F508-CFTR mutation, suggesting novel therapeutic strategies to correct the osteoblast dysfunctions in cystic fibrosis.
Cystic fibrosis is an autosomal recessive disorder caused by mutations of the cystic fibrosis transmembrane conductance regulator (CFTR). 2 The main function of the CFTR protein is as a chloride channel in epithelia, and the most common mutation in humans, ⌬F508-CFTR, is responsible for a channelopathy in epithelial cells (1) . Several studies indicate that cystic fibrosis mutations may impact the skeleton in children and adults. Most patients with cystic fibrosis display low bone mass associated with fractures (2) (3) (4) (5) . The mechanisms underlying this bone pathology are complex and may involve inflammation and altered physical activity and nutritional status (6) . In addition to these general mechanisms, the bone disease in cystic fibrosis may result from abnormal bone cell activity. Bone homeostasis is ensured by a balance between resorption of the bone matrix by osteoclasts and its replacement by new bone formed by osteoblasts (7) . Although CFTR was found to be expressed in human osteoclasts and osteoblasts and in mouse osteoblasts (8 -10) , the impact of CFTR mutations on bone cells remains largely unknown. Genetic studies in Cftr Ϫ/Ϫ mice have shown that Cftr invalidation causes low bone mass and altered bone microarchitecture, a phenotype associated with decreased bone formation and increased bone resorption (11) (12) (13) (14) (15) . Others have reported altered osteoblast differentiation in cultured calvarial cells from Cftr Ϫ/Ϫ mice (10). However, the relevance of the global Cftr invalidation to cystic fibrosis disease resulting from CFTR mutations is not known. Recent studies show that the prevalent ⌬F508-CFTR mutation causes reduced bone mass as a result of decreased osteoblast activity and bone formation in mice (16) , which may be partially corrected by treatment with a CFTR corrector (17) . Although these studies revealed that the ⌬F508-CFTR mutation impacts osteogenesis, the molecular mechanisms underlying the defective bone formation induced by the mutation have not been depicted yet. Previous studies in epithelial cells suggest that CFTR levels may control NF-B signaling (18 -20) , albeit the underlying mechanisms are not fully established. Notably, the ⌬F508-CFTR mutation is associated with activated NF-B signaling in lung epithelial cells (21) . In bone, exacerbated NF-B signaling is known to cause inflammation (22) and to promote osteoclastogenesis (23) . In addition, recent studies indicate that NF-B signaling negatively controls bone formation (23) (24) (25) (26) . Mechanistically, NF-B activation in osteoblastic cells reduces expression of the key osteogenic transcription factor Runx2 (27) and increases expression of the E3 ubiquitin ligase Smurf1 (28), resulting in increased proteasomal degradation of RUNX2 (29 -32) . The potential implication of NF-B signaling in the abnormal bone formation in cystic fibrosis has not been investigated.
In this study, we analyzed the impact of the prevalent ⌬F508-CFTR mutation on the osteoblast phenotype in mice and determined the mechanisms underlying this phenotype. We show here that the ⌬F508-CFTR mutation induced defective osteoblast differentiation and function in a cell-autonomous manner as a consequence of increased NF-B activity and reduced Wnt/␤-catenin signaling and that targeting these pathways corrected the osteoblast dysfunctions induced by the ⌬F508-CFTR mutation in mice.
Experimental Procedures
Mice-Rotterdam homozygous ⌬F508-CFTR mice (⌬F508-Cftr tm1Eur ), which express the clinically common ⌬F508 mutation in the Cftr gene at the wild-type protein level, and their normal Cftr ϩ/ϩ homozygous littermates (WT mice in the FVB background) were obtained from the Centre de Distribution, Typage et Archivage Animal (CDTA), CNRS (Orléans, France). We used 10-week-old adult male ⌬F508-CFTR mice that exhibit decreased bone mass and bone formation related to their normal littermates (16) .
Cell Cultures and Treatments-Bone marrow stromal cells (BMSCs) were harvested from the left tibias of ⌬F508-CFTR and WT mice and cultured as described (33) . In addition, osteoblasts were obtained by migration from trabecular bone fragments from long bone metaphysis as described previously (34) . Cells at passage 2 were used in the different assays. In some experiments, cells were treated with the CFTR corrector miglustat (10 M; Actelion Pharmaceuticals Ltd., Allschwil, Switzerland) (17) , which acts by improving CFTR processing (35) . In other experiments, cells were treated with the specific IB kinase (IKK) inhibitor IKKVI (Santa Cruz Biotechnology, Santa Cruz, CA), which specifically inhibits NF-B activation (36) , at a dose (20 nM) that inhibits the upstream kinase that activates NF-B (27) , or with Wnt3a-conditioned medium (CM; 30%) prepared as described (37) .
Proliferation Assay-BMSCs and trabecular osteoblasts isolated from ⌬F508-CFTR and WT mice were cultured in DMEM supplemented with 10% FCS. Cell replication was determined using the BrdU ELISA (Roche Applied Science) according to the manufacturer's instructions.
Osteoblast Differentiation Assays-Alkaline phosphatase (ALP) activity was assayed using an alkaline phosphatase kit (Bio-Rad). For osteogenic differentiation, cell culture medium was supplemented with 50 mol/liter ascorbic acid and 3 mM inorganic phosphate (NaH 2 PO 4 ) to allow matrix synthesis and mineralization. At 21 and 28 days of culture, BMSC cultures were fixed in 4% paraformaldehyde, and matrix mineralization was evaluated by alizarin red staining and calcium deposition as described (38) .
Reporter Assay-Cells were seeded in 24-well plates and then co-transfected with the reporter plasmid (0.5 g/well) and phRL-SV40 (10 ng/well; Clontech, Mountain View, CA), a Renilla expression plasmid used as an internal transfection control. Empty pGL3-Basic served as a control for reporter activity. Firefly and Renilla luciferase activities were measured sequentially using a luciferase reporter assay system (Promega, Charbonnières-les-Bains, France) 48 h after transfection. Luciferase activity was normalized both to Renilla activity, as a transfection control, and to values obtained with cells transfected with empty pGL3-Basic, as control for the variations in phRL-SV40 induced by treatment. Results are expressed as relative luciferase units.
Quantitative PCR Analysis-Total RNA was extracted using TRIzol reagent (Invitrogen). One g of total RNA from each sample was reverse-transcribed (Applied Biosystems kit). The relative mRNA levels were evaluated by quantitative PCR analysis (LightCycler, Roche Applied Science) using a SYBR Green PCR kit (ABgene, Courtaboeuf, France) and specific primers (33) . Signals were normalized to hypoxanthine-guanine phosphoribosyltransferase as an internal control.
Western Blot Analysis-Trabecular osteoblasts isolated from ⌬F508-CFTR and WT mice were cultured at preconfluence and then treated with Wnt3a-CM (37) for 1 or 24 h. In other experiments, the cells were serum-starved overnight and treated with recombinant mouse TNF␣ (10 ng/ml; Apotech, Epalinges, Switzerland), and cell lysates were prepared as described (39) . Protein concentrations were measured using the DC protein assay (Bio-Rad). Equal aliquots (40 -60 g) of protein extracts were resolved by 10% SDS-PAGE. Western blotting was performed using specific primary antibodies raised against ␤-catenin (1:100; Santa Cruz Biotechnology), phospho-␤-catenin (1:100; Santa Cruz Biotechnology), p65 (1:1500; a gift from N. Rice, NCI at Frederick, Frederick, MD), phosphoSer 536 p65 (1:1000; Cell Signaling Technology, Ozyme, SaintQuentin-en-Yvelines, France), IB␣ (1:1000; Cell Signaling Technology), phospho-Ser 32 IB␣ (1:1000; Cell Signaling Technology), IKK␤ (1:1000; Abgent Europe, Maidenhead, United Kingdom), phospho-Ser 176/180 IKK␣/␤ (1:500; Cell Signaling Technology), and GAPDH (1:2000; Millipore). Following incubation with the corresponding HRP-conjugated secondary antibody and final washes, the signals were visualized with enhanced chemiluminescence Western blotting detection reagent (ECL, Amersham Biosciences) and autoradiography film (X-OMAT-AR, Eastman Kodak Co.). Band intensity at the expected molecular weight was analyzed and expressed as a ratio of treated to control after correction to the housekeeping protein.
Immunohistochemical Analysis-Immunohistochemical analysis was performed on paraffin-embedded histological sections of mouse vertebras using a VECTASTAIN Elite ABC kit (Vector Laboratories). Briefly, after paraffin removal, sections were incubated in citrate buffer at 90°C for 30 min for antigenic retrieval and treated with hyaluronidase (1 mg/ml; Sigma) at 37°C for 15 min. Endogenous peroxidase was inhibited by incubating the tissue section in 0.3% H 2 O 2 for 15 min. Tissue sections were incubated with the appropriate serum for 1 h before primary antibody incubation with anti-␤-catenin antibody (1:100; clone 247, Fisher Scientific) and revealed according to the manufacturer's instructions.
Statistical Analysis-Data are means Ϯ S.D. and represent a pool of three to five individual mice per group or at least six replicates. Data were analyzed by analysis of variance or unpaired two-tailed Student's t test as appropriate. A p value of Ͻ0.05 was considered statistically significant.
Results

⌬F508-CFTR Mutation Markedly Reduces Osteoblast
Differentiation and Function-We first determined the impact of the ⌬F508-CFTR mutation in BMSCs. In BMSCs from WT mice, early (Runx2, Alp, Col1a1) and late (osteocalcin) phenotypic osteoblast marker genes increased with time in culture (Fig. 1,  A-D) . We found that the expression of all osteoblast markers was lower in differentiating ⌬F508-CFTR BMSCs compared with WT cells (Fig. 1, A-D) . This finding was confirmed by the biochemical analysis of ALP activity, which was lower in BMSCs from ⌬F508-CFTR mice compared with WT mice (Fig.  1E) . Consistently, the matrix mineralization capacity was lower in ⌬F508-CFTR BMSCs compared with WT BMSCs (Fig. 1, F and G), demonstrating the lower than normal capacity of mutant BMSCs to differentiate into osteoblasts.
To determine whether the ⌬F508-CFTR mutation impacted the function of mature osteoblasts, we analyzed the phenotype of trabecular osteoblasts isolated from marrow-free long bones in mutant mice. We found that Alp and Col1a1 expression (Fig.  2 , B and C) and ALP activity (Fig. 2E) were lower in trabecular osteoblasts from ⌬F508-CFTR mice compared with WT mice, whereas Runx2 and osteocalcin expression was not significantly affected in mutant osteoblasts (Fig. 2, A and D) , indicating that the ⌬F508-CFTR mutation affects cell function in mature osteoblasts. Cell proliferation was not altered in BMSCs or trabecular osteoblasts isolated from ⌬F508-CFTR mice compared with WT mice (data not shown). Collectively, these data indicate that the ⌬F508-CFTR mutation negatively impacts osteoblast gene expression in BMSCs and reduces the function of trabecular osteoblasts in a cell-autonomous manner. This effect may be related in part to the CFTR mutant because we found that CFTR is expressed at the protein level in both WT and mutant osteoblasts (data not shown), confirming previous analyses (8 -10) . To analyze whether increasing CFTR levels improve the defective osteoblast function in mutant osteoblasts, we tested the effect of the CFTR corrector miglustat, which was shown to improve ⌬F508-CFTR transport to the cell membrane (35) . Treatment with the CFTR corrector improved Alp levels and fully corrected Col1a1 expression in ⌬F508-CFTR osteoblasts (Fig. 2, F and G) . In contrast, the corrector had no significant effect on expression of these genes in WT osteoblasts (data not shown). These results indicate that the function of ⌬F508-CFTR osteoblasts can be increased by improving CFTR trafficking to the cell membrane in mutant osteoblasts, which is consistent with our previous finding that treatment with this CFTR corrector improved bone formation in ⌬F508-CFTR mice (17) .
Osteoblasts from ⌬F508-CFTR Mice Display Increased NF-B Activity-We next determined the signaling mechanisms that may mediate the deleterious effect of the ⌬F508-CFTR mutation in osteogenic cells. To this goal, we tested whether the osteoblast dysfunctions in ⌬F508-CFTR mutant cells may be linked to abnormal NF-B activity. The phosphorylation and degradation of IB␣ were assessed by Western blot analysis. We found increased levels of phospho-IKK and phospho-IB␣ in cell lysates of trabecular osteoblasts from ⌬F508-CFTR mice compared with WT cells in response to TNF␣ at an early time point (5 min) (Fig. 3A) . Consistently, phospho-p65 levels were increased in mutant osteoblasts at this time point, suggesting increased NF-B activity. To confirm this finding, we determined the level of NF-B transcriptional activity in mutant osteoblasts compared with WT cells under basal con- 
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ditions. As shown in Fig. 3B , NF-B transcriptional activity was increased by 2-fold in osteoblasts from ⌬F508-CFTR mice compared with WT mice. These results indicate that the ⌬F508-CFTR mutation induces a significant activation of NF-B activity in osteoblasts.
To substantiate the impact of NF-B signaling in mutant osteoblasts, we analyzed the expression of Opg (osteoprotegerin), an established NF-B target gene (40) that controls osteoclastogenesis by binding to RANKL (receptor activator of NF-B ligand) (23) . We found that the Opg mRNA level was greatly reduced in osteoblasts from ⌬F508-CFTR mice compared with WT mice (Fig. 3C) , which is consistent with the observed activation of NF-B signaling in mutant osteoblasts. In contrast, Rankl expression was not affected in mutant osteoblasts (Fig. 3D) . Pharmacological inhibition of NF-B signaling with the specific IKK inhibitor IKKVI (27, 36) corrected Opg levels with no effect on Rankl expression in mutant osteoblasts (Fig. 3, C and D) . Similar results were found in BMSCs from mutant mice, in which both the CFTR corrector miglustat and the IKK inhibitor corrected Opg expression (as shown below). Collectively, these results indicate that the increased NF-B signaling in ⌬F508-CFTR osteoblasts translates into increased NF-B target gene expression and that inhibition of NF-B signaling corrects the altered expression of Opg in mutant osteoblasts.
Increased NF-B Signaling Leads to Attenuation of Wnt/␤-Catenin Signaling in ⌬F508-CFTR
Osteoblasts-We next determined the mechanism by which activated NF-B signaling may induce osteoblast dysfunctions in mutant cells. Reduced NF-B activity was recently found to increase bone formation via enhanced JNK activity and Fra1 expression, suggesting that Fra1 expression may mediate part of the effect of NF-B signaling in osteoblasts (27) . In ⌬F508-CFTR osteoblasts or BMSCs, we failed to find diminished Fra1 mRNA levels compared with WT cells (data not shown), implying another mechanism causing the osteoblast dysfunctions in mutant cells. Interestingly, NF-B signaling was recently found to negatively regulate Wnt/ ␤-catenin signaling in mouse osteoblasts (27, 28) . Because Wnt/␤-catenin signaling is an essential pathway controlling bone formation (41), we hypothesized that the observed NF-B activation may affect this pathway in ⌬F508-CFTR osteoblasts. To test this hypothesis, in mutant osteoblasts, we analyzed the level of phosphorylated ␤-catenin, which triggers ␤-catenin degradation by the proteasome (42) . We found that phosphorylated ␤-catenin levels were higher in ⌬F508-CFTR osteoblasts than in WT cells. Treatment with Wnt3a-CM decreased phosphorylated ␤-catenin levels in both WT and ⌬F508-CFTR osteoblasts (Fig. 4A) . Consistent with these in vitro data, immunohistochemical analysis performed in vertebral bone revealed higher total ␤-catenin levels at the metaphyseal and diaphyseal levels in WT osteoblasts compared with ⌬F508-CFTR osteoblasts (Fig. 4B) , indicating decreased ␤-catenin signaling in mutant osteoblasts in vivo. To determine whether the observed reduction in Wnt/␤-catenin signaling was functional in mutant cells, we analyzed the expression of Axin, a direct Wnt target gene (43) . The levels of Axin mRNA were decreased in both BMSCs and osteoblasts from ⌬F508-CFTR mice compared with WT mice (Fig. 4C) . The expression of Wisp1 (Wnt-induced secreted protein 1), a direct marker of canonical Wnt activation (44) , was also reduced in mutant BMSCs compared with WT cells (data not shown). Pharmacological inhibition of NF-B with IKKVI reduced the higher than normal levels of phosphorylated ␤-catenin levels in ⌬F508-CFTR osteoblasts (Fig. 4D) and corrected the abnormal expression of Axin and Wisp1 in BMSCs and osteoblasts from ⌬F508-CFTR mice (Fig.  4, E-G) . In contrast, the IKK inhibitor had no significant effect in WT osteoblasts (data not shown). Treatment with Wnt3a-CM also greatly increased the expression of Axin and Wisp1 in BMSCs and osteoblasts from ⌬F508-CFTR mice (Fig.  4, E-G) . These results support a mechanism by which the increased NF-B signaling induced by the ⌬F508-CFTR mutation leads to attenuated Wnt/␤-catenin signaling and Wnt target gene expression in mutant BMSCs and osteoblasts.
Inhibition of NF-B or Activation of Wnt Signaling Rescues Altered Osteoblast Differentiation and Function in ⌬F508-
CFTR Cells-We then determined the functional implication of the altered NF-B and Wnt signaling in the altered osteoblast gene expression in mutant BMSCs. We found that the IKK inhibitor increased Runx2, Col1a1, and osteocalcin levels, with no significant change in Alp expression, whereas treatment with Wnt3a-CM fully corrected osteoblast gene expression in mutant BMSCs (Fig. 5, A-D) . These data indicate that the reduced osteoblast gene expression induced by the ⌬F508-CFTR mutation in BMSCs is improved by inhibition of NF-B signaling and is rescued by activation of canonical Wnt signaling. Both the CFTR corrector miglustat and IKKVI corrected expression of the NF-B target gene Opg in ⌬F508-CFTR BMSCs (Fig. 5, E and F) , supporting a link among the ⌬F508-CFTR mutation, activation of NF-B signaling, and decreased Wnt/␤-catenin signaling in mutant BMSCs.
To determine the impact of the altered NF-B and Wnt/␤-catenin signaling in more mature osteoblasts, we analyzed whether the osteoblast dysfunction in mutant mice may be rescued by NF-B inhibition or Wnt3a stimulation. The IKK inhibitor greatly increased the expression of all osteoblast marker genes in mutant osteoblasts, and treatment with Wnt3a-CM fully corrected the expression of differentiation markers in mutant osteoblasts (Fig. 6, A-D) . Moreover, functional long-term analysis showed that ALP activity was restored to normal levels in ⌬F508-CFTR osteoblasts after 14 days of treatment with miglustat, IKKVI, or Wnt3a (Fig. 6E) , which confirmed the effect of these treatments on osteoblast markers. 
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In addition to these effects on osteoblast function, the CFTR corrector miglustat, the IKK inhibitor, or Wnt3a-CM increased Opg levels in ⌬F508-CFTR osteoblasts (Fig. 7, A and B) . No significant effect of the IKK inhibitor or CFTR corrector on these genes was observed in WT osteoblasts, in contrast to Wnt3a (data not shown). Overall, the results indicate that the ⌬F508-CFTR mutation, in a cell-autonomous manner, causes a phenotype characterized by inhibition of osteoblast differentiation and function as the consequence of overactive NF-B signaling and attenuated Wnt/␤-catenin signaling. Consistent with these findings, the osteoblast dysfunctions induced by the ⌬F508-CFTR mutation were rescued by pharmacological inhibition of NF-B or activation of Wnt/␤-catenin signaling (Fig.  7C ).
Discussion
In this study, we identified the molecular mechanisms by which the prevalent ⌬F508-CFTR mutation negatively impacts osteoblast differentiation and function in a murine model of cystic fibrosis that is relevant to the human disease. By analyzing the phenotype of osteoblast precursor cells and mature osteoblasts isolated from ⌬F508-CFTR mice, we showed that the mutation severely decreased osteoblast gene expression and osteogenic function, whereas cell proliferation was not affected. Importantly, the ⌬F508-CFTR mutation in mice affected osteoblast differentiation and function ex vivo, indicating that these osteoblast dysfunctions occur independently of the environmental, nutritional, inflammatory, or hormonal status.
Having characterized the osteoblast abnormalities in ⌬F508-CFTR mice, we analyzed the signaling mechanisms that underlie these osteoblast dysfunctions. We found that NF-B signaling was overactive in ⌬F508-CFTR osteoblasts, which is consistent with the previously reported overactive NF-B signaling in lung epithelial cells in cystic fibrosis (21, 45) . Our finding that the expression of Opg, an established target of NF-B signaling (40) , was reduced in mutant osteoblasts and restored by NF-B inhibition further indicates that NF-B signaling is overactive in mutant osteoblasts. The increased NF-B signaling was functional because pharmacological NF-B inhibition attenuated the abnormal expression of most osteoblast differentiation markers in both mutant BMSCs and mature osteoblasts and restored osteoblast function evaluated by ALP activity. These data indicate that the overactive NF-B induced by the ⌬F508-CFTR mutation functionally contributes to the reduced osteoblast gene expression in BMSCs and to the defective osteoblast function in mutant mice.
The mechanisms by which CFTR mutations activate NF-B signaling in epithelial cells are not fully understood (19, 20) . It was proposed that the altered transport of ⌬F508-CFTR to the cell membrane and the subsequent decrease in CFTR at the epithelial cell surface results in increased NF-B signaling (20) . Consistently, overexpression of wild-type CFTR was shown to suppress NF-B-driven signaling in epithelial cells (45) . In line with this concept, we found here that treatment with a CFTR corrector, which can improve ⌬F508-CFTR transport to the cell membrane in epithelial cells (35) , corrected both Opg and Col1a1 expression in ⌬F508-CFTR osteoblasts. These results support a link among the levels of CFTR at the cell membrane, NF-B activity, and osteoblast function in mutant cells. We then determined the mechanism by which NF-B activation may induce osteoblast dysfunctions in ⌬F508-CFTR cells. Up to now, few NF-B target genes have been identified in osteoblasts (24) . One potential NF-B target gene is Fra1, which is an essential regulator of bone formation (46) . We did not find reduced Fra1 mRNA levels in osteoblasts or BMSCs from ⌬F508-CFTR mice, suggesting that other mechanisms mediate osteoblast dysfunctions in mutant mice. Interestingly, several cross-talks were found between the NF-B and Wnt signaling pathways (47) . In osteoblasts, NF-B signaling was found to inhibit Wnt/␤-catenin signaling (27, 28) , in part via increased Smurf1 expression, resulting in increased ␤-catenin proteasomal degradation (28) . We found that ⌬F508-CFTR osteoblasts displayed increased phospho-␤-catenin levels, a mechanism that leads to ␤-catenin degradation (43) , and exhibited lower than normal total ␤-catenin in vivo, indicating decreased canonical Wnt signaling. In support of these findings, Axin, a direct Wnt target gene, was down-regulated in ⌬F508-CFTR BMSCs and osteoblasts compared with WT cells. Consistent with a pathogenic role of decreased Wnt/␤-catenin signaling in mutant cells, we found that Wnt3a fully rescued the expression of Wnt target genes in ⌬F508-CFTR osteoblasts. Consequently, Wnt signaling activation by Wnt3a rescued both the defective osteoblast gene expression in BMSCs and the abnormal function evaluated by ALP activity in more mature trabecular osteoblasts. These results support an essential role of activated NF-B and decreased Wnt/␤-catenin signaling in the altered osteoblast differentiation and function induced by the ⌬F508-CFTR mutation and indicate that the osteoblast dysfunctions in mutant cells can be corrected by targeting these aberrant signaling pathways (Fig. 7C) .
In summary, our results indicate that the ⌬F508-CFTR mutation causes inhibition of osteoblast differentiation and function in a cell-autonomous manner as a result of overactive NF-B and reduced Wnt/␤-catenin signaling. In addition to identification of a pathogenic role of NF-B and Wnt signaling in the altered osteoblast differentiation and function induced by the prevalent ⌬F508-CFTR mutation in mice, our data suggest that targeting the NF-B or Wnt signaling pathway may be an efficient therapeutic strategy to rescue the altered osteoblast function responsible for the decreased bone formation and osteopenia in cystic fibrosis.
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